Precision measurements can be brought to their ultimate limit by harnessing the principles of quantum mechanics. Particularly useful, to this end, are multi-particle entangled states of the 'Schrödinger cat' type, known as NOON states. In optics, photonic NOON states can be used to obtain high precision phase measurements, becoming more and more advantageous as the number of photons grows. Here, we generate 'high-NOON' states by multiphoton interference of 'quantum' down-converted light with a 'classical' coherent state.
(|N, 0 a,b + |0, N a,b ), which contain N indistinguishable particles in an equal superposition of all being in one of two possible paths a and b (2) . These states are 'Schrödinger cats' since they consist of a superposition of two highly distinct states corresponding to the 'dead' and 'alive' cat. The larger the value of N the bigger the cat is; thus bringing us closer to the regime of macroscopic entanglement envisioned originally by Schrödinger (3) . Realization of such states is required for the experimental study of fundamental questions such as the effect of decoherence on many particle entanglement (4, 5) . In addition, NOON states are the enabling technology behind various quantum measurement schemes. In optics, a NOON state with N entangled photons acquires a phase at a rate N times faster than classical light (6) . This leads to enhanced phase sensitivity, which can be used for reaching the fundamental Heisenberg limit (2) , and to phase super-resolution which is the key to sub-Rayleigh resolution in quantum lithography (7).
Our goal is to generate optical NOON states with high photon numbers. Various schemes for generating such states have been suggested (2, (8) (9) (10) (11) (12) (13) . However, the three photon record of leading experiments (14, 15) has proven difficult to surpass. We note that a 'NOON-like' four photon state has been generated, but only by using four rather than two spatial modes (16) . In addition, a number of experiments have used state projection to focus on the NOON component of various initial N photon states (16) (17) (18) (19) .
Here, we show the first experimental realization of an approach introduced by Hofmann and Ono (20) , which yields NOON states with arbitrarily high photon numbers. The underlying principle is that when a 'classical' coherent state and 'quantum' down-converted light are mixed properly using a standard beamsplitter (BS), the emerging state shows 'Schrödinger cat' like behavior, i.e. all the photons exit from one of the BS ports or the other (Fig. 1A) . The approach is appealing due to its inherent simplicity relying on a fundamental unmodified multiphoton interference effect. Consider a 50/50 beam-splitter fed by a coherent state, |α a , in one input port and spontaneous parametric down-conversion (SPDC), |ξ b , in the other (see Fig. 2A ). The input states are defined in the conventional way (6)
where the phase of |ξ has been set arbitrarily to zero leaving the relative phase of the two inputs to be determined by φ cs . We denote the pair amplitude ratio of the coherent state and SPDC inputs by γ = |α| 2 /r. In physical terms γ 2 is the two photon probability of the classical source divided by that of the quantum source. The larger the value of γ, the higher the relative weight of the classical resources. The state at the BS output, |ψ out c,d , is highly path entangled. A general N photon two-mode state can be written as We note that the four photon value is much higher than the theoretical fidelity of 0.75 obtainable using down-conversion only (19, 21) .
To verify the N-photon coherence of the generated states we employ a Mach-Zehnder interferometer, see Fig. 2 . This is the prototypical setup used in schemes for quantum lithography and reduced noise interferometry (2) . The quantum and classical inputs are prepared in perpendicular linear polarizations (H, V ) and spatially overlapped using a polarizing beam- . The four photon measurements were taken with γ 4 = √ 3 and using 25mW of ultraviolet pump. They exhibit similar visibilities for both the 3, 1 (74 ± 3)% and the 2, 2 (73 ± 2.4)% options. Finally, the N = 5 result is, to the best of our knowledge, the first realization of a five photon NOON state (V = 42 ± 2% for 3, 2). This measurement was taken using 215mW of ultraviolet pump and setting γ 5 = 9/( √ 10 + 1) ∼ 2.16 implying that (γ 2 5 ∼)4.7 times more photon pairs originate from the coherent state than from the SPDC. All the above visibilities manifest the high NOON state overlap of the generated states. These visibilities significantly exceed the super-resolution bound for classical states which we have recently derived (22) . In particular the classical bound for the five photon measurement is 16.67% which we have surpassed by more than 12 standard deviations.
The visibility of the experimental plots in Fig. 3 is determined by the overall setup trans-mission which we denote η. For η < 1, high order events contribute a background to the N -fold coincidence rate. In the current setup we estimate η ∼ 0.12 based on the SPDC coincidence to singles ratio. We note that reasonable improvement of the transmission could allow generating states even larger than currently demonstrated (see supporting online text for details).
It is interesting, that the N -fold coincidence plots of Fig. 1D exhibit N zero points as expected by perfect maximally path entangled states albeit with somewhat modulated peak heights. In fact, it has been shown (20) that due to the high fidelity we can expect a phase sensitivity that is only slightly lower than the Heisenberg limit for a given N photon component.
Thus, the small deviation from an ideal NOON state is not a major limiting factor and is more than compensated for by the intrinsic 100% efficiency. Furthermore, while the state at hand is optimized for a given N = N 0 , there is a range of N values surrounding N 0 which also have considerable NOON fidelity (Fig 2A,C) . Thus, the generated state is actually a superposition of NOON states with various photon numbers, each of which contributes to the enhanced phase sensitivity. As a result, the current method allows beating the standard quantum limit both for specific N (19) and while accounting for the complete photon number distribution (23) .
The realized scheme has several unique properties (20) . Most importantly, it works naturally for arbitrary N . This requires no alterations to the setup except for use of detectors which can resolve N photon events and setting γ appropriately. This is in contrast to previous experiments which were customized to a specific value of N (14, 15, 24) . In addition, most of the photons in this scheme originate from the coherent (classical) light source which is practically unlimited in intensity. This eliminates the need for bright SPDC sources, providing a significant experimental simplification. Finally, the scheme involves no state projection or post selection, implying that all the N -photon events contribute to the measurable N -photon interferences.
It is interesting, that a setup very similar to the one in Fig. 2A , yet with much stronger light fields, is commonly used for obtaining quantum noise reduction using homodyne detection (6) . Homodyne detection is a highly developed technique, based on the measurement of the continuous variable field quadratures. Our experiment demonstrates that extending the concept of squeezed vacuum and coherent light interference into the weak local oscillator regime is extremely fruitful. The states emerging from this interference, for a given N, are almost perfect NOON states. This implies a fundamental connection between quantum noise reduction (with continuous variables) and creation of NOON states (in photon-number resolving experiments).
To summarize, super-resolving phase measurements beyond the classical limit have been demonstrated with up to five entangled photons. This is the highest order of super-resolution obtained to date in a setup compatible with the original quantum lithography proposal (7). Rather than requiring more non-classical resources, the key to extending this work to even higher NOON states is in improving the overall transmission. This highlights the need for high purity SPDC sources which can be spectrally mode matched to coherent states (25) (26) (27) . Improved Measurement of multi-photon coincidences is performed using photon number resolving detectors. B, Detailed layout of the setup. A pulsed Ti:Sapphire oscillator with 120 fs pulses @80 MHz is doubled using a 2.74mm LBO crystal to obtain 404nm ultra-violet pulses with maximum power of 225mW. These pulses then pump collinear degenerate type-I SPDC @808nm using a 1.78mm BBO crystal. The SPDC (H pol.) is mixed with attenuated coherent light (V pol.) using a polarizing beam-splitter (PBS). A thermally induced drift in the relative phase is corrected every few minutes using a liquid crystal (LC) phase retarder. The MZ is polarization based in a collinear inherently phase stable design. The MZ phase is controlled using an additional LC phase retarder at 45 degrees (X, Y pol.). The spatial and spectral modes are matched using a polarization maintaining fiber (PMF) and a 3nm FWHM band-pass filter (BPF). Photon number resolving detection is performed using an array of single photon counting modules (SPCM, Perkin Elmer). These supporting online materials contain a complete theoretical analysis of our experiment.
In Sec. 1 we develop the analytical model used for calculating the theoretical curves in Fig. 3 of the main text. A brief discussion of the overall setup transmission and its importance is given in Sec. 2. In Sec. 3 we illustrate the feasibility of nine-photon NOON state generation in our setup using the theoretical model.
Analytical Model
The experimental results in Fig. 3 of the main text contain multiphoton coincidence rates as a function of the Mach-Zehnder (MZ) phase ϕ. The probability for detecting n 1 photons in D 1
and n 2 photons in D 2 simultaneously (see experimental setup in Fig. 2 of the main text) is given by (1)
whereÛ (ϕ) is a unitary operator describing the MZ using angular momentum notation (2)
The coherent and down-conversion input states |α ,|ξ are defined the in the conventional way,
are the positive-operator-valued measures (POVM) (3) of detectors D 1(2) defined,
The POVM introduces experimental imperfections via two matrices, C N and L(η). The abstract loss model (4) allows us to account for all the sources of loss in the experiment using a single parameter η representing the overall transmission. The non-zero loss matrix elements are given 
Finally, to obtain the measured count rate, the probability of Eq. (1) should be multiplied by the repetition rate of 80 MHz.
Overall Transmission
The overall transmission η is an important experimental factor which determines the obtainable visibility of super-resolution. In our setup, we find η = 0.12 by inserting down-conversion only and measuring the coincidence to singles ratio. Roughly, this transmission has three mul-
The first contribution η 1 ∼ 0.5 results from the fiber pair-coupling ratio. The band-pass filter induces an additional effective loss, η 2 ∼ 0.5, and finally the detector efficiencies together with various coating imperfections contribute η 3 ∼ 0.5.
Most of the photons originate in our experiment originate from the coherent (classical) light source which is practically unlimited in intensity. In fact, it can be shown that γ N ∼ N/2 for large N where γ N is the optimal pair amplitude ratio for a given photon number N . Thus, the coherent state's two photon probability is approximately N 2 /4 times higher than that of the SPDC i.e. the higher the value of N the larger the ratio of classical to quantum resources.
Therefore, measuring larger states does not require a brighter SPDC source. Thus, the only limiting factor is the overall transmission, η. Simulations show that using an overall transmission of η = 0.5, nine photon entanglement is readily observable even with the current, relatively modest, SPDC flux. In this respect, our experiment highlights the need for high purity SPDC sources which can be spectrally mode matched to a coherent state. Improved transmission can be obtained by way of SPDC generation in separable spectral modes (5-7) allowing removal of the 3nm band-pass filter. In addition, improved single mode coupling of the photon pairs and use of high efficiency photon number resolving detectors (8, 9) are instrumental.
Nine Photon NOON State
In this section we show that our setup is capable of generating nine photon NOON states when using a reasonable overall transmission η = 05. This transmission could be obtained by using improved photon number resolving detectors, improved pair coupling to the fiber and using down-conversion which is separable in frequency modes. The analytical model of Sec. 1 allows us to investigate the behavior of our setup using any chosen overall transmission η. We note that for N = 9, the pair amplitude ratio is γ 9 = 3.9 implying that the coherent light photon-pair probability is (γ 2 9 =)15.3 times higher than for the down-conversion. In supplementary Fig. 1 we show the nine-photon coincidence rate emploing our existing down-conversion flux, using η = 1 (Fig. 1A) and η = 0.5 (Fig. 1B) . This illustrates that our setup allows measurement of nine photon super-resolution originating from NOON states when using a feasible transmission. 
